Abstract. Endotoxin tolerance is an immunohomeostatic reaction to reiterant lipopolysaccharide (LPS) exposure that maintains a state of altered responsiveness in immune cells, resulting in the inhibition of the pro-inflammatory response and the resolution of inflammation. Microglia constitutes the first line of defense against endogenous and external challenges in the brain. MicroRNAs (miRs) serve a critical function in the regulation of inflammation. The aim of the present study was to investigate whether miR-155 regulates endotoxin tolerance. miR-155 and suppressor of cytokine signaling-1 (SOCS1) mRNA expression was measured using RT-qPCR. The expression of SOCS1 was measured by western blotting and immunofluorescence. TNF-α levels were detected by an enzyme-linked immunosorbent assay. The results indicated that miR-155 expression was significantly downregulated in the microglia and cortex tissue following the induction of endotoxin tolerance. This was consistent with an increase in the expression of SOCS1, a predicted target of miR-155 and key inhibitor of the inflammatory reaction. Transfection with miR-155 inhibitor significantly enhanced SOCS1 expression in the microglia following the induction of endotoxin tolerance. SOCS1 knockdown using short hairpin RNA partly inhibited the anti-inflammatory process and promoted the inflammatory response during endotoxin tolerance. The results of the current study indicate that miR-155 inhibition contributes to the development of endotoxin tolerance. Understanding how miRs regulate inflammatory mechanisms may facilitate the development of novel therapeutic strategies to treat CNS disorders.
Introduction
Sepsis-induced central nervous system (CNS) dysfunction is a potentially irreversible acute brain dysfunction; as many as 71% of such patients go onto develop septic encephalopathy (SE) (1) . SE is caused by systemic inflammation induced by the immune response to lipopolysaccharide stimulation (LPS). The resident CNS macrophages, microglia, are the primary target cells of LPS and it has been demonstrated that sepsis induced by peripheral injection of LPS activates microglial cells (2, 3) . The pathogenesis of SE may be influenced by various elements, including the local and systemic secretion of pro-inflammatory mediators, activation of microglia, alterations in homeostasis, neurotransmitter imbalances and the effects of sepsis-induced peripheral multiple organ failure (1) . It has also been demonstrated that the systemic injection of LPS, either as a single or repeated injection, impacts the cognitive competence of rats (4) .
LPS-induced pro-inflammatory molecules are vital for regulating the growth and dissemination of pathogens; however, overproduction of LPS may induce sepsis syndrome, also known as endotoxin shock (5) . Prior exposure to low doses of LPS cause the cell to become resilient to subsequent LPS challenge; cells develop tolerance to endotoxins, which is known as endotoxin tolerance (5, 6) . Endotoxin tolerance has been observed in vitro and in vivo, in animal models and in humans (5) . It is also associated with changes in particular regulatory events, including deficiencies in the myeloid differentiation primary response 88 (MyD88) (7), reduced IL-1 receptor-associated kinase (IRAK)4-MyD88 association (8) , suppressed IRAK1 activation (9) , as well as the upregulation of negative regulators, including IRAK-M (10), suppressor of cytokine signaling 1 (SOCS1) and SH2 domain containing inositol-5-phosphatase (SHIP-1) (11) . Furthermore, studies have indicated that nuclear factor (NF)-kB subunits (12) , as well as peroxisome proliferator-activator receptor γ (13) are involved in the development of endotoxin tolerance. It has also been demonstrated that SOCS1 affects a series of signaling pathways, including NF-κB (14) , c-Jun N terminal kinase and p38 (15) .
In CNS cells, including microglia, oligodendrocytes, astrocytes and neurons, SOCS1 expression is induced by LPS, interferon (IFN)-β or -γ, and interleukin (IL)-4 or -6. The effects of SOCS1 on neurological results vary greatly depending on the disease context and the neuroinflammatory microenvironment (16) . SOCS1 -/-mice develop multiple organ failures (17) . Additionally, macrophages from SOCS1 -/-mice are hypersensitive to toll-like receptor (TLR) ligands, as indicated by increases in the expression of pro-inflammatory chemokines and cytokines (18) . It has been hypothesized that SOCS1 may be used as a novel therapeutic strategy to treat patients with multiple sclerosis (19) and different types of cancer (20) . SOCS1 serves a vital role in modulating TLR-mediated responses and may therefore be used as a therapeutic regulator in CNS diseases.
However, the nature of the endotoxin tolerance that modulates SE remains unclear. Indeed, to the best of our knowledge, no experiments have addressed the effect of SOCS1 on microglia during the development of endotoxin tolerance. microRNAs (miRs) are small noncoding RNAs that regulate multiple human biological processes via the posttranslational control of mRNA expression (21) . A number of miRs modulate endotoxin tolerance (22, 23) . It has been demonstrated that miR-155 serves crucial roles in the immune response, glioma, B-cell malignancies and hematopoiesis. The contribution of miR-155 to the development of endotoxin tolerance has also been demonstrated in humans and an endotoxin shock mouse model (24, 25) . miR-155 targets and represses several downstream TLR4 mediators, including tumor necrosis factor (TNF)-α, transcription factor PU.1, SHIP1, SOCS1, TNF receptor-associated factor-6, IRAK1 and interferon regulatory factor 5, highlighting miR-155 in the development of endotoxin tolerance (24) .
The present study measured the expression of SOCS1 and miR-155 in microglia and the murine cortex under states of inflammation and endotoxin tolerance, and investigated the function of miR-155 in modulating endotoxin tolerance in microglia. The results of the current study demonstrated that endotoxin tolerance induced the downregulation of miR-155 and upregulated the expression of SOCS1, thus decreasing the production of pro-inflammatory TNF-α. This suggests that miR-155 may be used to regulate inflammation and endotoxin tolerance in microglia.
Materials and methods
Cell culture. BV2 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM)-F12 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal calf serum (ScienCell Research Laboratories, Inc., Carlsbad, CA, USA), in a 5% CO 2 humidified atmosphere at 37˚C. Primary mouse (C57BL/6; Experimental Animal Center of Nantong University, Nantong, China) microglial cultures were cultured following a previously described protocol (26) .
Cell transfections. BV2 cell transfections of 200 nM miR-155 mimic (UUA AUG CUA AUU GUG AUA GGG GU, double strand), miR-155 inhibitor (AAU UAC GAU UAA CAC UAU CCC CA, single strand), mimic negative control (NC) (UUC UCC GAA CGU GUC ACGU, double strand) and inhibitor negative control (AAG AGG CUU GCA CAG UGCA, single strand; all Guangzhou RiboBio Co., Ltd., Guangzhou, China) were performed using HiPerFect Transfection Reagent (Qiagen, Inc., Valencia, CA, USA) following the manufacturer's protocol. The following day, the medium was changed and cells were subjected to single LPS (defined as LPS) or repeated LPS (defined as LPS/LPS) challenge.
Cell tolerance model. To induce endotoxin tolerance, BV2 cells were treated with 10 ng/ml LPS (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 18 h, followed by washout of LPS with PBS. Cells were rested for a further 2 h prior to restimulation with 100 ng/ml LPS for 4, 6, 8 or 10 h. To induce inflammation, BV2 cells were treated with a single stimulation of 100 ng/ml LPS for 4 or 8 h (prior to mRNA detection), or for 6 or 10 h (for protein detection). RNA, protein and cell-free supernatants were collected at indicated times, following the final stimulation, respectively.
Murine tolerance model. A total of 28 C57BL/6 mice (weighing 22-25 g; 4 mice/group; 14 males and 14 females) were obtained from Experimental Animal Center of Nantong University, given access to regular chow and sterile water at regaular intervals, and housed at 21-23˚C with relative humidity of 50±5% on a 12 h light cycle. To induce endotoxin tolerance, the C57BL/6 mice were injected intraperitoneally (i.p.) with an initial dose of 5 mg/kg LPS. After 3 days, mice were re-challenged with 10 mg/kg LPS (i.p.) on day 1, 3 and 7. To induce inflammation, mice received an i.p. injection of 200 µl PBS 3 days prior to 10 mg/kg LPS administration for 1, 3 and 7 days. Mice were sacrificed on the day of their respective final injections. Tissues were collected and stored at -80˚C until use. All animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (27) and were approved by the Ethics Committee of the Nantong University (Nantong, China).
SOCS1 knockdown. Non-sense short interfering (sh)RNA (scramble), SOCS1 shRNA1 and SOCS1 shRNA2 (Table I) were designed by using the Sigma online database (https://www. sigmaaldrich.com/china-mainland/zh/life-science/functionalgenomics-and-rnai/shrna/individual-genes.html) of validated shRNAs. shRNAs (1 µg) were subcloned between the BamHI and NotI site of the pGreenPuro shRNA Expression Lentivector (System Biosciences, Palo Alto, CA, USA). BV2 cells were transfected into the plasmid using the HiPerFect Transfection Reagent following the manufacturer's protocol and 12 h after transfection, cells were subjected to LPS or LPS/LPS treatment.
RNA isolation and reverse transfection-quantitative polymerase chain reaction (RT-qPCR).
Total RNAs were extracted from cell cultures and mice tissues using TRIzol (Thermo Fisher Scientific, Inc.). cDNAs were synthesized using M-MuLV Reverse Transcriptase in the QuantiTect ® Reverse Transcription kit (Qiagen, Inc.) for 15 min at 42˚C. qPCR was performed on a CFX96 Touch™ System Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA), using SYBR-Green (Takara, Bio, Inc., Otsu, Japan). The thermocycling conditions were as follows: 40 Cycles of denaturation at 94˚C for 15 sec, annealing at 60˚C for 15 sec and extension at 72˚C for 10 sec. The relative amount of transcripts was calculated using the 2 -ΔΔCq method (28) . GAPDH and RNU6-1 were used as housekeeping genes. SOCS1 was normalized to GAPDH and miR-155 was normalized to RNU6-1. All primers used for the RT-qPCR analysis are listed in Table II .
Western blotting. Cells were lysed in a lysis buffer (20 mM Hepes, 120 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, protease inhibitor). Cellular debris was removed by centrifugation at 15,000 x g at 4˚C for 30 min. The protein concentrations in each sample were determined using NanoDrop 1000 (Thermo Fisher Scientific, Inc.). A total of 80 µg/lane were resolved on 10% SDS-PAGE gels, transferred onto the polyvinylidene difluoride membrane and blocked in 5% fat-free milk at room temperature for 2 h. Membranes were then immunoblotted with anti-SOCS1 (1:500; cat. no. ab9870; Abcam, Cambridge, UK) or anti-β-actin (1:4,000; cat. no. 4970; Cell Signaling Technology, Inc., Danvars, MA, USA) antibodies at 4˚C overnight. Subsequently, membranes were washed three times with PBS for 5 min each wash and incubated with anti-goat (1:2,000; cat. no. sc-2020; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or anti-rabbit (1:5,000; cat. no. 7074; both Cell Signaling Technology, Inc.) horseradish peroxidase-conjugated immunoglobulin G at 4˚C for 2 h. Blots were developed using an enhanced chemiluminescence kit (EMD Millipore, Billerica, MA, USA). The density of bands was measured using ImageJ 1.42q software (National Institutes of Health, Bethesda, MD, USA).
Immunocytochemistry. BV2 cells were fixed on coverslips with 4% paraformaldehyde for 0.5 h at room temperature, followed by membrane permeabilization using 0.1% Triton X-100. Cells were then blocked with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) at room temperature for 2 h, and incubated with primary antibodies against SOCS1 (1:100; cat. no. ab9870; Abcam) and cluster of differentiation 11b (1:100; cat. no. ab128797; Abcam) at 4˚C overnight. Cells were then incubated with anti-goat immunoglobulin (Ig)G conjugated with tetramethylrhodamine (1:2,000; cat. no. ab6882; Abcam) or anti-rabbit IgG conjugated with fluorescein isothiocyanate secondary antibodies (1:2,000; cat. no. ab6798; Abcam) at 4˚C for 2 h. Coverslips were mounted on a slide with glycerol and cells were viewed using a confocal microscope.
Enzyme-linked immunosorbent assay (ELISA).
BV2 were incubated for 24 h at 37˚C in 5% CO 2 , culture medium was collected and centrifuged at 700 x g at 4˚C for 5 min. Cell-free supernatants were transferred to 96 well plate and TNF-α levels were measured using an ELISA kit (cat. no. 560478; BD Biosciences, San Jose, CA, USA) following the manufacturer's protocol.
Statistical analysis. Results were evaluated for statistical significance using GraphPad Prism 5 (GraphPad software, Inc., La Jolla, CA, USA). All data are presented as the mean ± standard error of the mean. Two-way analysis of variance was performed, followed by Turkey's HSD post hoc tests; these tests were used to determine whether differences among groups were significant and P<0.05 was determined to indicate a significant difference.
Results

The effects of inflammation and endotoxin tolerance on miR-155 induction in murine microglia and the mouse cortex.
To investigate and compare miR-155 expression in microglia during inflammation and endotoxin tolerance, BV2 cells and primary microglia were treated with LPS to induce inflammation or repeated LPS to induce endotoxin tolerance. miR-155 expression was measured using RT-qPCR. miR-155 expression reached a peak at 2 h and subsequently declined in inflammatory BV2 (Fig. 1A ) and primary microglia (Fig. 1B) . Following treatment with repeated LPS, cells became endotoxin tolerant; miR-155 expression did not increase significantly following further stimulation in tolerant BV2 (Fig. 1A ) and primary microglia (Fig. 1B) .
To evaluate the expression of miR-155 in inflammatory and endotoxin tolerant mouse microglia in vivo, miR-155 levels in mouse cortex tissue were evaluated. Treatment of mice with single LPS to induce inflammation produced similar results to those of BV2 and primary microglia; mice exhibited a 4-and 8-fold upregulation in miR-155 expression 3 and 7 days following LPS administration, respectively. However, following treatment of mice with repeated LPS to induce endotoxin tolerance, miR-155 expression was only moderately upregulated in the 7 days following subsequent LPS administration (Fig. 1C) . These results indicate that miR-155 serves a potential modulatory role during endotoxin tolerance.
The effects of inflammation and endotoxin tolerance on SOCS1 expression in murine microglia and cortex.
The aim of the present study was to clarify the role of miR-155 in modulating endotoxin tolerance and whether it did this by affecting SOCS1 expression. Therefore, the expression of SOCS1 in murine microglial cells and the cortices of mice following the induction of inflammation and endotoxin tolerance, respectively, were evaluated (Fig. 2) . Following the induction of endotoxin tolerance, the expression of SOCS1 mRNA ( Fig. 2A) and protein ( Fig. 2C and E) were significantly increased in the mouse cortex, compared with mice that only exhibited inflammation. Furthermore, BV2 cells treated with repeated LPS exhibited increases in the expression of SOCS1 mRNA (Fig. 2B) and protein ( Fig. 2D and F) , compared with cells treated with LPS alone. These results indicate that SOCS1 is involved in modulating endotoxin tolerance in microglia.
Endotoxin tolerance mediates SOCS1 expression via miR-155
in murine microglia. TargetScan indicated that miR-155 is able to bind to the 3'-untranslated region of SOCS1 mRNA and previous studies have demonstrated that miR-155 affects SOCS1 expression in LPS-treated mouse N9 microglia and other immune cells (29) (30) (31) . To examine whether miR-155 regulates the expression of SOCS1 during inflammation and endotoxin tolerance, the expression of SOCS1 in LPS-treated BV2 microglia was measured. Compared with the NC, the overexpression of miR-155 following transfection of miR-155 mimic significantly downregulated SOCS1 expression, whereas inhibition of miR-155 following transfection with miR-155 inhibitor significantly upregulated SOCS1 expression ( Fig. 3A and B) . The same results were identified following immunocytochemistry to determine the cytoplasmic expression of SOCS1 (Fig. 3C) . These results are partly in accordance with the results of a study by Cardoso et al (31) , which identified that SOCS1 is a target of miR-155 in N9 microglia. These results indicate that SOCS1 is a direct target of miR-155 in BV2 cells following treatment with LPS.
To further investigate the role of miR-155 in regulating the induction of endotoxin tolerance by SOCS1, miR-155 NC and miR-155 inhibitor were transfected in BV2 microglia prior to the induction of inflammation and endotoxin tolerance. The results demonstrated that the expression of SOCS1 was significantly upregulated in BV2 microglia that were endotoxin tolerant compared with those that had only undergone inflammation. This was the case in BV2 microglia transfected with miR-155 inhibitor or the NC (Fig. 3D and E) . Furthermore, in BV2 microglia transfected with the miR-155 inhibitor, the expression of SOCS1 was significantly increased following the induction of endotoxin tolerance or inflammation, compared with those that had undergone transfection with the NC. Taken together, these results suggest that miR-155 inhibition maintains the state of endotoxin tolerance in BV2 microglia, at least partly, via SOCS1.
The role of SOCS1 in anti-inflammatory phenotype during endotoxin tolerance. To further investigate the role of miR-155 in regulating the SOCS1-induced microglia anti-inflammatory phenotype, loss-of-function experiments were performed. Cells transfected with an shRNA against SOCS1 was markedly (Fig. 4A) and significantly (Fig. 4B ) low compared with cells transfected with a scrambles shRNA. Figure 1 . Expression of miR-155 in the BV2 cells, primary microglia and the mouse cortex. miR-155 expression was measured in (A) BV2 and (B) primary microglia following treatment with 100 ng/ml LPS alone or 10 ng/ml LPS and then 100 ng/ml LPS for 2 or 6 h. (C) miR-155 expression in the cortex was also measured. Tissue from the cortices of inflammatory and endotoxin tolerant mice were extracted at the indicated times (1, 3 and 7 days). miR-155 expression was measured using reverse transcription-quantitative polymerase chain reaction. Experiments were performed at least three biologically independent replicates and data are presented as the mean ± standard error of the mean. It was demonstrated that LPS significantly increased TNF-α expression in cells transfected with SOCS1 shRNA1 and SOCS1 shRNA2 to knockdown SOCS1 expression compared with those transfected with scramble shRNA cells (Fig. 4C) . However, in cells treated with LPS/LPS to induce endotoxin tolerance, the expression of TNF-α in cells transfected with scramble shRNA was significantly decreased compared with those transfected with SOCS1 shRNA. Notably, in cells transfected with shRNA SOCS1 to induce SOCS1 knockdown, LPS significantly increased TNF-α production compared with those treated with LPS/LPS (Fig. 4C) . These data highlight the biological relevance of SOCS1 during the development of endotoxin tolerance; silencing SOCS1 restores the pro-inflammatory phenotype. Taken together, these results indicate that miR-155 inhibition promotes the anti-inflammatory phenotype and endotoxin tolerance in BV2 microglia and that this occurs by increasing the expression of SOCS1.
Discussion
Endotoxin tolerance has been extensively investigated in peripheral macrophages (5,7,9,10); however, little is known about the microglia and miRs that are involved in the development of endotoxin tolerance. Various studies have identified that miR-155 serves an important in modulating the innate and adaptive immune response; furthermore, the deregulation of miR-155 has been implicated in a number of different diseases (32, 33) . The present study demonstrated that miR-155 serves a role in regulating the production of SOCS1 and modulating endotoxin tolerance in BV2 microglia. This may improve understanding regarding the pathogenetic mechanisms by which miR regulates endotoxin tolerance.
A number of studies have demonstrated that SOCS1 serves important roles in the CNS (16) . Several pathogens are able to induce the expression of SOCS proteins as a method of evading the IFN-mediated innate immune responses in CNS (15, 16) . Pathogen-induced increases in SOCS expression in the CNS are beneficial for the host (15, 16) . Furthermore, SOCS1 influences the CNS inflammatory response during infection (16) . However, the function of SOCS proteins in CNS immune cells has not yet been investigated. The current study found that the expression of miR-155 was upregulated and that the expression of SOCS1 was downregulated in BV2 cells, primary microglia and mice cortices following exposure to LPS. These results are in accordance with the results of a previous study, which demonstrated that miR-155 was upregulated and SOCS1 expression was decreased in N9 cells (31) .
miR-155 is processed from a non-coding transcript, the B-cell Integration Cluster, and serves important functions in cancer, the immune response and hematopoiesis (33) . miR-155 expression is induced via TLRs in dendritic cells and macrophages and markedly affects the activities of these cells (29, 30) . In microglia, the increase in miR-155 expression following activation may stimulate the production of pro-inflammatory mediators (34) . It was demonstrated that decreases in miR-155 expression significantly reduced the expression of TNF-α and IL-6 (31). Wen et al (35) demonstrated that miR-155 promotes the inflammatory response by modulating TLR4/SOCS1 expression in ischemic cerebral tissues. Previous studies have also determined that miR-155 at least partly regulates endotoxin sensitivity and tolerance in macrophages (24, 36) and alveolar epithelial cells (37) by regulating SOCS1 expression. The results of the present study illustrate that miR-155 expression is downregulated in BV2 microglia, primary microglia and mice cortices following exposure to repeated LPS treatment. It was also demonstrated that SOCS1 mRNA and protein levels increase in BV2 and murine cells that exhibit endotoxin tolerance following repeated LPS treatment. Interestingly, the changes in SOCS1 expression following repeated LPS treatment were negatively associated with the change in miR-155 expression. Following transfection with miR-155 mimic and inhibitor, it was demonstrated that miR-155 negatively regulates SOCS1 expression in BV2 cells following exposure to LPS or repeated LPS.
SOCS1 is a vital negative regulator of cytokines, including TNF-α or IL-1β and therefore maintains the homeostasis of the immune system (15) (16) (17) (18) . Although microglial activation following pathological stimulation may be useful, it has been demonstrated that the failure to inhibit microglia-mediated immune responses at the appropriate time induces the overproduction of inflammatory mediators and results in the development of a chronic inflammatory state with severe consequences to ambient neurons (38) . The results of the current study establish a direct link between miR-155 downregulation, upregulated SOCS1 expression and the inhibition of pro-inflammatory cytokines in BV2 cells following the development of endotoxin tolerance. This suggests that miR-155 inhibition may contribute to anti-inflammatory processes in the CNS by promoting the positive function of SOCS1 and decreasing levels of pro-inflammatory cytokines.
Taken together, the results of the current study demonstrate that miR-155 inhibitors are able to downregulate BV2 microglia mediated neuroinflammation by regulating SOCS1 expression and participate in sustaining endotoxin tolerance in CNS. These results may facilitate the development of valuable therapeutic strategies to treat CNS infections by decreasing inflammation and endotoxin tolerance using miRs.
